Analysis of wastewater treatment plant reliability is a difficult process, therefore it is often limited to selected aspects, e.g., mechanical reliability of equipment or technological availability of the process. The research presents a method of combining the above mentioned aspects in order to determine the complex operational availability index (CAVO). A hypothetical technological system with activated sludge (AS) in a typical layout (denitrification-nitrification) was selected for the studies. A number of operational scenarios have been developed, taking into account the possible mechanical failures of system components. Computer simulations with the use of Activated Sludge Model No.1 (ASM1), performed for selected scenarios allowed the determination of a complex operational availability of the system. Obtained results confirm high reliability of AS system in terms of biochemical oxygen demand (BOD), chemical oxygen demand (COD) and total suspended solids (TSS) removal (CAVO > 0.96) and indicate the necessity of further research in order to determine representative value of reliability of total nitrogen removal (from the study, CAVO-N tot < 0.4) and to evaluate other technological solutions in terms of their complex reliability.
Introduction
Reliability of a wastewater treatment plant (WWTP) can be defined as the probability of adequate performance, over a specified period of time and under specified operating conditions. Taking into consideration plant performance, reliability is determined by the percentage of the plant s operating time at which the quality of effluent meets specified permit requirements [1] .
As there has been significant development in the range of available technologies, reliability analysis of wastewater treatment processes can be an important tool for decision support in the planning and design of new facilities [2] . Plant reliability is also reflected in the regulatory framework, both on-European [3, 4] and national level [5] .
Reliability analysis of the sewage treatment facilities can be carried out in two aspects-mechanistic and technological. In the case of analyzing the mechanical reliability of particular plant objects and their equipment, information related to the number of failures of tested elements and their location in the time axis (i.e., periods of operation between subsequent failures) are investigated first. An additional element of the analysis should be a qualitative assessment of system reliability using such methods as: Fault tree analysis (FTA), Event tree analysis (ETA), Failure mode and effect analysis (FMEA) and Critical component analysis (CCA). Since sewage treatment plant facilities usually have a complex technical structure, the CCA method in conjunction with FMEA seems to be particularly important, as it allows to indicate those component-application relations which are crucial for the reliability of the entire facility. Originally, these methods were developed by the United States Environmental Protection
Materials and Methods
In the research a number of experiences derived from studies on BSM1 and BSM2 applications were used. The modelled system shown in Figure 1 is a hypothetical activated sludge plant with a structure similar to BSM2 [19] , but with different technical parameters. Due to practical aspects (similarity to existing objects), it was decided to dimension technological objects according to the commonly used in Europe standard ATV-A131 [20] , which resulted in the total capacity of reactors with activated sludge (ASU) equal to 18,000 m 3 (including 6000 m 3 of anoxic chambers and 12,000 m 3 of aerobic chambers). The concentration of dissolved oxygen in the reactors is regulated by proportional integral (PI) controllers at the level of 2.0 g/m 3 . The final clarifiers (CL) have a total volume of 6000 m 3 (1500 m 2 surface area and 4.0 m depth). The sludge discharged from the bottom of clarifiers (underflow 17,670 m 3 /d) is divided into 2 streams-external recirculation (RAS = 16,000 m 3 /d) and waste sludge (WAS = 670 m 3 /d). Internal recirculation from the last reactor in series to the first reactor is IRAS = 60,000 m 3 /d. For the influent data characterized in Table 1 , calculated from ATV-A 131, sludge retention time is 13 days. The technological system is divided into 2 parallel, mutually coupled lines. The values given above refer to the total capacity of the plant.
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In the research a number of experiences derived from studies on BSM1 and BSM2 applications were used. The modelled system shown in Figure 1 is a hypothetical activated sludge plant with a structure similar to BSM2 [19] , but with different technical parameters. Due to practical aspects (similarity to existing objects), it was decided to dimension technological objects according to the commonly used in Europe standard ATV-A131 [20] , which resulted in the total capacity of reactors with activated sludge (ASU) equal to 18,000 m 3 (including 6000 m 3 of anoxic chambers and 12,000 m 3 of aerobic chambers). The concentration of dissolved oxygen in the reactors is regulated by proportional integral (PI) controllers at the level of 2.0 g/m 3 . The final clarifiers (CL) have a total volume of 6000 m 3 (1500 m 2 surface area and 4.0 m depth). The sludge discharged from the bottom of clarifiers (underflow 17,670 m 3 /d) is divided into 2 streams-external recirculation (RAS = 16,000 m 3 /d) and waste sludge (WAS = 670 m 3 /d). Internal recirculation from the last reactor in series to the first reactor is IRAS = 60,000 m 3 /d. For the influent data characterized in Table 1 , calculated from ATV-A 131, sludge retention time is 13 days. The technological system is divided into 2 parallel, mutually coupled lines. The values given above refer to the total capacity of the plant. Long-term data prepared by the IWA Task Group on Modelling and Integrated Assessment for the BSM2 model were used to simulate the plant operation (.txt file available at: http://iwamia.org/benchmarking/). The data file contains following parameters: time (15-min intervals), SI (soluble inert organic matter), SS (readily biodegradable substrate), XI (particulate inert organic matter), XS (slowly biodegradable substrate), XB,H (active heterotrophic biomass), XB;A (active autotrophic biomass), XP (particulate products arising from biomass decay), SO (oxygen), SNO (nitrate and nitrite nitrogen), SNH (ammonia nitrogen), SND (soluble biodegradable organic nitrogen), XND (particulate biodegradable organic nitrogen), SALK (alkalinity), TSS (total suspended solids), Qi (volumetric inflow), T (temperature). These data characterize the inflow to the plant from the period of 609 days (conventional period of 20 months from the beginning of November to the end of June), taking into account seasonal and daily variability (dry, rainy and storm weather). The basic parameters of the influent are presented in Table 1 . Composite parameters are calculated as follows: Chemical oxygen demand, COD = S S + S I + X S + X BH + X BA + X P + X I Biochemical oxygen demand, BOD = 0.65(S S + X S + (1-0.08)(X BH + X BA )) Total suspended solids, TSS = 0.75(X S + X BH + X BA + X P + X I ) Total Kjeldahl nitrogen, TKN = S NH + S ND + 0.08(X BH + X BA ) + 0.06(X P + X I ) Long-term data prepared by the IWA Task Group on Modelling and Integrated Assessment for the BSM2 model were used to simulate the plant operation (.txt file available at: http://iwa-mia.org/ benchmarking/). The data file contains following parameters: time (15-min intervals), S I (soluble inert organic matter), S S (readily biodegradable substrate), X I (particulate inert organic matter), X S (slowly biodegradable substrate), X B,H (active heterotrophic biomass), X B;A (active autotrophic biomass), X P (particulate products arising from biomass decay), S O (oxygen), S NO (nitrate and nitrite nitrogen), S NH (ammonia nitrogen), S ND (soluble biodegradable organic nitrogen), X ND (particulate biodegradable organic nitrogen), S ALK (alkalinity), T SS (total suspended solids), Qi (volumetric inflow), T (temperature). These data characterize the inflow to the plant from the period of 609 days (conventional period of 20 months from the beginning of November to the end of June), taking into account seasonal and daily variability (dry, rainy and storm weather). The basic parameters of the influent are presented in Table 1 .
The modelled plant layout was implemented into the WEST ® environment (DHI, Horsholm, Denmark), which is one of the most popular simulators used to model wastewater treatment plants [15, 21, 22] . The following models: ASM No1 for AS units and 10-layer settling tank with a double exponential function of falling speed developed by Takacs et al. [23] for the transport of suspended solids in final clarifiers were used with stoichiometric and kinetic parameters recommended in BSM1 and BSM2. Simulations of wastewater treatment plant operation under various conditions, necessary for further reliability analysis, were carried out in the following way:
1.
Stabilization of the system under steady state conditions (for average inflow to the plant) for a period of 1000 days, necessary to obtain comparable results for different scenarios used in the reliability analysis.
2.
Dynamic simulation conducted in 2 phases: I-dynamic stabilization over 245 days; II-actual dynamic simulation over 364 days.
The data characterizing the inflow to the treatment plant were selected so that the proper dynamic simulation would take place in the period from the beginning of July to the end of June [16] .
In the simulations, two computational cases were considered, taking into account the possibility of technological disturbances of the sewage treatment plant operation. Based on the analysis of available literature [17, 24] , it was assumed that the basic technological risk in the analyzed model is connected with the phenomenon of sludge bulking, because of its direct impact on the performance of final clarifiers and thus, effluent quality. Occurrence of sludge bulking was simulated by changing following parameters of the final clarifier model: Since the modelled process uses aeration rate control to maintain the required dissolved oxygen concentration, the main risk factor (regarding sludge bulking) can be considered to be the low F/M ratio. Based on the studies by Flores-Alsina et al. [24] , it was assumed that the risk of sludge bulking, and thus the deterioration of efficiency of the final clarifier, for the tested system is 36.88% (80% risk occurring in 46.1% of the modelled cases).
One of the basic elements of the reliability analysis was to determine operational availability (AVO) of the facilities in the treatment plant model (ASU and CL). To determine these indicators, the results of the CCA analysis were used [6] . It was also assumed that the failure of any critical element for a given object causes its inability to operate (out-of-service state). Hence, operational availability of the object (AVO ob ) is calculated according to Equation (1) as a product of the AVOs of critical elements for this object (series structure). Table 2 shows estimated values of AVO ob used for further calculations.
where: AVO ob -operational availability of the object under study; AVO CCi -operational availability of i-th critical component for the object (i = 1, ..., n). As the probability of failure of individual objects and their impact on the technological effectiveness is different, a matrix (truth table) of reliability states of the modeled plant was created ( Table 3) . Assuming that individual events in the table (object is in-service or out-of-service) are independent of each other, the probability of occurrence of each scenario can be treated as a product of events forming a given scenario, according to Equation (2):
where: P(Sk) -probability that k-th scenario will occure; AVO ob,i -operational availability of i-th object in (m+) set of objects that are in service; AVO ob,j -operational availability of j-th object in (m-) set of objects that are out of service in k-th scenario. Table 3 . Probability of possible scenarios for modeled activated sludge process.
Scenario, Sk
Truth Table for the System 1 P(Sk) ASU_A ASU_B CL_A CL_B
Example calculations for S3; P(S3) = 0.97031 × (1 − 0.97031) × 0.99714 × 0.99714 = 0.028641 1 0-element is out-of-service; 1-element is in-service.
Taking into account the fact that for each scenario listed in Table 3 the plant will operate with a different technological capacity, knowing the technological availability of the system for each possible scenario and assuming the possibility of additional disturbances associated with sludge bulking, it Water 2020, 12, 291 6 of 11 is possible to determine the complex operational availability of the plant on the basis of the total probability theorem (Equations (3)-(5)):
where: CAVO C -complex operational availability in terms of component C; Yc-event defined as "quality of the effluent in terms of component C, meets formal constraints", C-component of the effluent under consideration (C = BOD, COD, TSS, N tot ); T1-event defined as "plant has no problems with sludge bulking"; T2-event defined as "plant has problems with sludge bulking"; Y1 C , Y2 C -events defined as "plant meets constraints in terms of component C given that there is no bulking or there is sludge bulking respectively; Sk-event defined as "plant is under scenario Sk"; P(Y1 C |Sk), P(Y2 C |Sk)-probability that plant is meeting constraints (regarding component C) when there is not/there is sludge bulking and given that plant is under scenario Sk.
The probability of P(Y1 C |Sk) and P(Y1 C |Sk) in Equations (4) and (5) is unequivocally the same as the technological reliability, previously defined as the percentage of time during which the quality of treated wastewater meets permit requirements. The simulations covered a period of 1 year (days 245-609 of the whole data range) and two possible states of the clarifier operation, corresponding to problems related to sludge bulking. The results of the simulation were collected in intervals of 0.01 d (14.4 min), which approximately corresponds to the frequency of sampling of input data (influent data file). In this way, for each scenario analyzed, 36,400 instantaneous readings of the plant operating status were obtained, which were then averaged proportionally to the flow to daily averages in order to achieve compliance with the procedures applied in practice to monitor and control the plant operation (composite samples). Obtained results for the effluent were compared with the constraints (limit values) in terms of 4 basic quality parameters of wastewater: BOD 5,e , COD e , TSS e and total nitrogen (N tot,e = TKN e + S NO,e ). The constraints for the effluent were taken according to Polish regulations [5] , as: Above listed values correspond to the size of a wastewater treatment plant of 100,000 p.e. (person equivalents). This is consistent with the size of the BOD load fed into the modelled system (see Table 1 ). Then, the frequency of exceeding the limit values was determined and on this basis, for each effluent component, the technological availability of the sewage treatment plant in the scenarios under consideration was determined using Equations (6) and (7) .
where: AVO Sk,c -technological, operational availability for the k-th scenario and C-th component of the effluent (1-without, 2-with sludge bulking); nVl Sk,C -number of violations of C-th component in the k-th scenario (1-without, 2-with sludge bulking); N-total number of realizations for a k-th scenario.
Results and Discussion
The main stage of research aimed at determining the complex operational availability of the examined technological system, were simulations of the plant operation for the scenarios defined in Table 3 . It should be noted, however, that not all scenarios had to be taken into account in the simulations, as some of them are very unlikely (for S11-S16, P(Sk) < 0.00001) and, secondly, they mean situations in which the plant will not be able to fulfil its tasks (i.e., its technological availability will be very small). Therefore, they can be omitted from simulations because of the insignificant impact on the overall probability calculated by Equations (4) and (5) . Table 4 summarizes the results of the simulation for scenarios S1-S10. It is worth noting that these scenarios represent 99.9987% of the possible cases of AS plant operation (cumulative probability P(Sk) for k <= 10). The acquired results made it possible to determine the availability of the treatment plant in two cases: taking into account the risk of sludge bulking and without considering this phenomenon (Equations (6) and (7)). The results obtained confirm the high technological efficiency of the activated sludge process. The basic and most probable scenario S1 provides the required effluent quality for BOD, COD and TSS with a probability of more than 99% (except for TSS and secondary settling tank disturbances, where this probability drops to 98%). The technological availability of AS plant decreases significantly with the increasing number of elements that are out-of-service, but even with only one operating biological reactor and a clarifier (scenarios S6-S9), still it is relatively high (values above 70% were obtained, except TSS and scenario with disturbances in the settling process). It can also be noted that the final clarifier is very important for the plant s technological availability. All scenarios, in which only one clarifier is in-service, are characterized by much lower operational availability than the others.
A special attention should be paid to total nitrogen, for which the technological availability is the lowest (in S1 scenario, when there are no disturbances in the operation of the final clarifiers, it is only 46.7%, and in many other cases it even drops to 0%, which means that the requirements are permanently not met). The problems of meeting constraints in terms of removing nitrogen compounds from wastewater are well known (their more extensive interpretation does not fall within the scope of this study), therefore Directive 91/271/EEC [3] as well as the national legislation of many EU countries, refers the effect of removing nitrogen to the annual average value in the effluent (10 g N/m 3 for a 100,000 p.e. treatment plant), or to the percentage of removal achieved (70-80%). The results of converting the plant s technological availability to a parameter depending on the degree of nitrogen removal (Figure 2) show a significant increase in this index.
The basic and most probable scenario S1 provides the required effluent quality for BOD, COD and TSS with a probability of more than 99% (except for TSS and secondary settling tank disturbances, where this probability drops to 98%). The technological availability of AS plant decreases significantly with the increasing number of elements that are out-of-service, but even with only one operating biological reactor and a clarifier (scenarios S6-S9), still it is relatively high (values above 70% were obtained, except TSS and scenario with disturbances in the settling process). It can also be noted that the final clarifier is very important for the plant′s technological availability. All scenarios, in which only one clarifier is in-service, are characterized by much lower operational availability than the others.
A special attention should be paid to total nitrogen, for which the technological availability is the lowest (in S1 scenario, when there are no disturbances in the operation of the final clarifiers, it is only 46.7%, and in many other cases it even drops to 0%, which means that the requirements are permanently not met). The problems of meeting constraints in terms of removing nitrogen compounds from wastewater are well known (their more extensive interpretation does not fall within the scope of this study), therefore Directive 91/271/EEC [3] as well as the national legislation of many EU countries, refers the effect of removing nitrogen to the annual average value in the effluent (10 g N/m 3 for a 100,000 p.e. treatment plant), or to the percentage of removal achieved (70-80%). The results of converting the plant′s technological availability to a parameter depending on the degree of nitrogen removal (Figure 2) show a significant increase in this index. Figure 2 . Operational availability of modelled plant-Scenario 1 (S1), in terms of total nitrogen removal, for different possible constraints (concentration < 10 g/m 3 , reduction of at least 80%, reduction of at least 70%).
Simulation results also prove that nitrogen removal efficiency is strongly dependent on the temperature of the process. Figure 3 presents times series of simulated values of nitrogen concentration in the effluent for the S1 scenario, which shows that there is an evident increasing trend in total nitrogen and TKN concentrations (lower removal efficiency) when temperature drops below 15 °C and decreasing trend (higher removal efficiency) when temperature rises above 15°C. It may be also observed that overall efficiency of nitrogen removal is dependent in most on the efficiency of Figure 2 . Operational availability of modelled plant-Scenario 1 (S1), in terms of total nitrogen removal, for different possible constraints (concentration < 10 g/m 3 , reduction of at least 80%, reduction of at least 70%).
Simulation results also prove that nitrogen removal efficiency is strongly dependent on the temperature of the process. Figure 3 presents times series of simulated values of nitrogen concentration in the effluent for the S1 scenario, which shows that there is an evident increasing trend in total nitrogen and TKN concentrations (lower removal efficiency) when temperature drops below 15 • C and decreasing trend (higher removal efficiency) when temperature rises above 15 • C. It may be also observed that overall efficiency of nitrogen removal is dependent in most on the efficiency of denitrification and TKN effluent concentration (higher values of TKN in the effluent are caused by lower denitrification rate in low temperatures).
Water 2020, 12, x FOR PEER REVIEW 9 of 11 denitrification and TKN effluent concentration (higher values of TKN in the effluent are caused by lower denitrification rate in low temperatures). The results presented in Table 4 clearly indicate the necessity to associate the technological availability determined on the basis of the observed effluent quality with the mechanical availability determined by the probability of equipment failures. For the quantitative characterization of this relation a complex indicator of the operational availability of the plant (CAVO) was determined using Equations (3)- (5) . Table 5 summarizes the results of the calculations. The results obtained are difficult to evaluate explicitly, because they may be referred only to the modelled technological system. Reliability is an inherent feature of each object and should be assessed each time individually. The reliability database for wastewater treatment plants, which could be used as a reference material, is not very large either. However, it can be stated that the modelled layout is characterized by high reliability (above 0.96) in terms of BOD, COD and TSS. Achieved values mean that the number of violations (constraints are not met) expected for the modelled system will be only 12 days/year for BOD and COD and 14 days/year for TSS. Assuming on the basis of earlier studies by Andraka and Dzienis [25] , that for plants with the size above 50,000 p.e. the required reliability level is 0.94 (which ensures that the risk of finding during treatment plant control that constraints are not met by more than 3 samples out of 24/year, will not exceed 5%), the calculated reliability level for BOD, COD and TSS may be considered sufficient.
Low reliability obtained for total nitrogen (Ntot) requires individual analysis, as mentioned in the previous paragraph, and should be further investigated (e.g., using Monte Carlo simulation to estimate the probability of not meeting constraints in terms of the annual mean value in the effluent, for longer than 1 year periods). The results presented in Table 4 clearly indicate the necessity to associate the technological availability determined on the basis of the observed effluent quality with the mechanical availability determined by the probability of equipment failures. For the quantitative characterization of this relation a complex indicator of the operational availability of the plant (CAVO) was determined using Equations (3)- (5) . Table 5 summarizes the results of the calculations. The results obtained are difficult to evaluate explicitly, because they may be referred only to the modelled technological system. Reliability is an inherent feature of each object and should be assessed each time individually. The reliability database for wastewater treatment plants, which could be used as a reference material, is not very large either. However, it can be stated that the modelled layout is characterized by high reliability (above 0.96) in terms of BOD, COD and TSS. Achieved values mean that the number of violations (constraints are not met) expected for the modelled system will be only 12 days/year for BOD and COD and 14 days/year for TSS. Assuming on the basis of earlier studies by Andraka and Dzienis [25] , that for plants with the size above 50,000 p.e. the required reliability level is 0.94 (which ensures that the risk of finding during treatment plant control that constraints are not met by more than 3 samples out of 24/year, will not exceed 5%), the calculated reliability level for BOD, COD and TSS may be considered sufficient.
Low reliability obtained for total nitrogen (N tot ) requires individual analysis, as mentioned in the previous paragraph, and should be further investigated (e.g., using Monte Carlo simulation to estimate the probability of not meeting constraints in terms of the annual mean value in the effluent, for longer than 1 year periods).
Conclusions
So far, the studies of reliability of wastewater treatment plants were focused either on mechanical reliability aspects or, more often, on variability of effluent quality and determination of the probability of meeting specific permit requirements (i.e., technological reliability). Presented research demonstrates a successful attempt to combine these two aspects and describes the method of determining the complex operational availability of activated sludge plant, which can be defined as "the probability of meeting specified permit requirements in any state of the plant". Such comprehensive reliability takes into account the characteristics of the inflow, the technological layout of the wastewater treatment plant and the equipment used, as well as variable operating conditions, such as temperature and possible operational malfunctions (e.g., settling problems due to sludge bulking). Developed method uses biokinetic modelling, which allows the determination of technological reliability of the modelled system, considering various operational scenarios are difficult to implement and analyze in real conditions.
The results obtained for modelled system prove high reliability of the activated sludge technology in terms of BOD, COD and TSS removal. The effectiveness of the system in removing N tot is questionable, however, the solution of this problem is not unequivocal and requires further research.
Due to the large variety of technological solutions developed recently for the treatment of municipal wastewater, research in this field should be continued in order to assess other available technologies as well as analyze the influence of different factors on the reliability of wastewater treatment plant (e.g., the role of unit operations in maintaining plant reliability). It can be generally stated that reliability analysis performed with the use of biokinetic modelling can be a valuable tool to support the decision-making process in the selection of the optimum technology and equipment for a given system. It may also contribute to the improvement of existing solutions, however, in this case one should remember about a much more difficult process of building and calibrating a computer model for a real object.
